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The Yeast La Protein Is Required
for the 39 Endonucleolytic Cleavage
That Matures tRNA Precursors
Christopher J. Yoo and Sandra L. Wolin retention of RNA polymerase III transcripts. In experi-
ments performed in Xenopus oocytes, Boelens et al.Department of Cell Biology
(1995) found that removal of the terminal uridylate resi-and Howard Hughes Medical Institute
dues from U6 RNA resulted in the export of 50% of theYale University School of Medicine
normally nuclear RNA into the cytoplasm. Similarly, aNew Haven, Connecticut 06510
human Y RNA lacking the La protein binding site was
more rapidly exported to the cytoplasm than the full-
length RNA (Simons et al., 1996). Also, a class of artificialSummary
RNAs that were selected from a combinatorial library
for their ability to be imported into the nucleus requiredAlthough the La autoantigen binds to the 39 ends of
the La protein for both nuclear import and nuclear reten-all nascent polymerase III transcripts, its function in
tion (Grimm et al., 1997). Since the cytoplasmic fractionsvivo has long been unclear. Although S. cerevisiae
of 5S RNA and Y RNAs are not bound by La protein, itcells lacking the La protein homolog Lhp1p are viable,
has been suggested that removal of the protein may becells containing a mutation that disrupts the anticodon
a prerequisite for export of polymerase III RNAs (Boelensstem of tRNASerCGA require Lhp1p for growth. We demon-
et al., 1995).strate that for the wild-type pre-tRNASerCGA and other pre-
Although the majority of the La protein is nucleoplas-tRNAs, Lhp1p is required for the normal endonucleo-
mic (Hendrick et al., 1981; Yoo and Wolin, 1994), thelytic removal of the 39 trailer sequence. In cells lacking
protein has been proposed to function in mRNA transla-Lhp1p, the 39 trailer is removed by exonuclease(s).
tion. It has been reported to bind to the 59 untranslatedAlthough maturation of the mutant pre-tRNASerCGA re-
regions of poliovirus RNA and to enhance the fidelity ofquires Lhp1p, introduction of a second mutation that
poliovirus translation in reticulocyte lysates (Meerovitchrestores base pairing eliminates the requirement. We
et al., 1993). The protein has also been cross-linked topropose that binding by Lhp1p stabilizes pre-tRNAs
short RNAs containing an AUG start site in a favorablein conformations that allow the 39 endonucleolytic
context for translation (McBratney and Sarnow, 1996)cleavage to occur.
and reported to associate with 40S ribosomal subunits
(Peek et al., 1996).
Introduction Whether the Laprotein actually functions in all of these
different processes is uncertain. Most of the experi-
The only protein known to associate with all newly syn- ments that have ascribed functions to the La protein
thesized RNA polymerase III transcripts is the La protein. have been performed in cell extracts. Thus, all of the
First described as an autoantigen in patients suffering proposed roles of the La protein have not been demon-
from rheumatic disease, La proteins have been identi- strated in vivo.
fied in a wide variety of eukaryotes (Chambers et al., The combination of genetics and biochemistry avail-
1988; Scherly et al., 1993; Yoo and Wolin, 1994; Lin- able in Saccharomyces cerevisiae makes this system
Marq and Clarkson, 1995). RNAs bound by theLa protein attractive for dissecting the role of the La protein. We
include precursors to transfer RNAs, 5S ribosomal RNA, previously characterized an S. cerevisiae gene encoding
the spliceosomal U6 RNA, the signal recognition particle a homolog of the La protein, which we named LHP1 (La
SRP RNA, and the cytoplasmic Y RNAs (Hendrick et al., homologous protein 1). Like mammalian La proteins,
1981; Rinke and Steitz, 1982; Chambers et al., 1983; Lhp1p binds nascent polymerase III transcripts in vivo
Rinke and Steitz, 1985). The La protein recognizes all (Yoo and Wolin, 1994). Surprisingly, yeast cells lacking
of these distinct RNAs because it binds the sequence LHP1 are viable (Yoo and Wolin, 1994; Lin-Marq and
UUUOH, which is the 39 terminus of most newly synthe- Clarkson, 1995), suggesting that other gene products
sized polymerase III transcripts (Stefano, 1984). compensate for the loss of this protein.
The La protein has been proposed to function in sev- To elucidate the function of Lhp1p, we performed a
eral aspects of the biogenesis of polymerase III± genetic screen and identified mutations that cause yeast
transcribed RNAs. Experiments performed in mamma- cells to requireLHP1 for growth. A mutationthat disrupts
lian cell extracts have led to the proposal that the protein the anticodon stem of tRNASerCGA causes cells to require
is a transcription termination factor for RNA polymerase LHP1. By examining the biogenesis of tRNASerCGA and other
III. In one set of experiments, extracts that were immuno- tRNAs, we have determined that Lhp1p functions in pre-
depleted of the La protein exhibited greatly reduced tRNA processing. All tRNAs are synthesized as precur-
transcription. The few transcripts that accumulated sors containing 59 and 39 extensions that must be re-
were slightly shorter at the 39 end and appeared to be moved to generate mature tRNAs. In both prokaryotes
generated by stalled transcription complexes (Gottlieb and eukaryotes, maturation of the 59 end is accom-
and Steitz, 1989). More recently, experiments in which plished by the endonuclease RNase P (reviewed by Alt-
the La protein was added to preassembled transcription man et al., 1995). While maturation of the 39 terminus
complexes have led to a model in which the protein of prokaryotic tRNAs is accomplished largely by exo-
functions in both transcript release and reinitiation by nucleases (Li and Deutscher, 1996), the mechanism by
RNA polymerase III (Maraia, 1996). which the 39 trailer sequence is removed from eukaryotic
tRNAs is less well understood (reviewed by Deutscher,The La protein has also been implicated in nuclear
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1990). We demonstrate that in wild-type yeast cells and Three intron-containing precursors to wild-type
tRNASerCGA were detected in cells containing a chromo-extracts, an endonuclease removes precursor-specific
nucleotides from the 39 end of many pre-tRNAs. In the somal copy of LHP1 (Figure 1B, lane 2). The identities
of the species were determined by reprobing the blotabsence of Lhp1p, these 39 residues are removed by
exonuclease(s). As the mutation that causes cells to with oligonucleotides specific for either the 59 leader
sequence or the 39 extension (data not shown). Thisrequire LHP1 acts by disrupting pre-tRNA structure, we
propose that Lhp1p stabilizes pre-tRNAs in conforma- revealed that the three intron-containing species con-
sisted of a primary transcript containing both a 59 leadertions that allow 39 end maturation to occur by endo-
nucleolytic cleavage. sequence and a 39 extension, a processing intermediate
containing a mature 59 end and a 39 extension, and a
species with mature 59 and 39 ends. The same threeResults
precursors were detected when RNA was analyzed from
cells that contained the sup61-10 mutation and a chro-Yeast Cells Containing a Mutation in an Essential
tRNA Gene Require LHP1 for Growth mosomal copy of LHP1 (lane 4). However, precursors
of the mutant tRNASerCGA were more abundant than thoseSince S. cerevisiae cells lacking LHP1 are viable (Yoo
and Wolin, 1994; Lin-Marq and Clarkson, 1995), it of the wild-type tRNA (compare lanes 2 and 4), sug-
gesting that processing of the mutant tRNA was slowseemed likely that other genes compensated for the
loss of this protein. We therefore carried out a genetic relative to the wild-type tRNA. To determine which spe-
cies were bound by Lhp1p, we performed immunopre-screen to identify mutations in other genes that would
create a requirement for LHP1. For this synthetic-lethal cipitations with anti-Lhp1p antibodies. Northern analy-
ses of the RNAs within the immunoprecipitates revealedscreen, we transformed strains containing a chromo-
somal disruption of LHP1 (lhp1::LEU2) with a plasmid that, for both the wild-type (Figure 1C, lane 2) and mu-
tant tRNASerCGA (data not shown), Lhp1p bound the precur-containing the LHP1, LYS2, and URA3 genes. Following
mutagenesis with ethylmethane sulfonate to 25% sur- sors that contained 39 extensions.
In the lhp1::LEU2 strain, we detected two alterationsvival, colonies were screened for the inability to lose the
plasmid. This was accomplished by replica-plating cells in the pattern of precursors to wild-type tRNASerCGA (Figure
1B, lane 3). First, the transcript containing 59 and 39onto media containing a-aminoadipate or 5-fluororotic
acid (5-FOA), which select against the LYS2 and URA3 extensions migrated faster in the gel and often appeared
more heterogeneous in length (see Figure 5A, lanes 3genes, respectively. Cells that acquire a mutation that
makes LHP1 essential will be dependent on the plasmid and 4). Second, the processing intermediate containing
a mature 59 end and a 39 extension was undetectablefor growth and will not survive on either of these media.
From 68,000 mutagenized colonies, two independent (lane 3). Despite these alterations, hybridization of the
blot with an oligonucleotide specific for the mature tRNAstrains contained a single nuclear mutation that caused
a requirement for LHP1. As one strain displayed a tem- revealed no significant differences in the amount of
tRNA produced (Figure 1B, compare lanes 2±4). The fateperature-sensitive growth defect that was genetically
linked to the plasmid dependency, we cloned the gene of the mutant tRNASerCGA in the lhp1::LEU2 strain is de-
scribed later.based oncomplementation of the temperature-sensitive
phenotype. Subcloning of genomic DNA fragments in a We also examined the transcription and processing
of the wild-type tRNASerCGA in whole cell extracts (Nicholslow copy vector revealed that the sup611 gene restored
growth at 378C. et al., 1990). Transcription reactions were performed
using the wild-type tRNA gene as a template in thesup611 encodes tRNASerCGA, the only serine tRNA isoac-
ceptor that decodes UCG codons in S. cerevisiae (Et- presence of [a-32P]rGTP. In extracts prepared from wild-
type cells, three precursor species were observed (Fig-cheverry et al., 1979, 1982; Olson et al. 1981). This gene
is the only known single-copy and essential tRNA gene ure 2A, lane 2). RNA fingerprint analyses confirmed that
they corresponded to the processing intermediates thatin S. cerevisiae. To confirm that the mutant gene that
conferred a requirement for LHP1 was an allele of we detected in vivo (data not shown, but see Figure
2B). Similarly, in extracts prepared from the lhp1::LEU2sup611, we sequenced this gene from our mutant strain.
This revealed a G-to-A mutation that disrupts base pair- strain, the longest precursors migrated faster and were
ing in the anticodon stem (Figure 1A). We refer to our more heterogeneous, and the processing intermediate
mutant allele as sup61-10. containing a mature 59 end and a 39 extension was unde-
tectable (Figure 2A, lane 3). Addition of purified Lhp1p
to the lhp1::LEU2 extracts largely restored the patternChanges in the Pattern of Precursors to tRNASerCGA
in Cells and Extracts Lacking LHP1 of processing intermediates to that of wild-type extracts
(lane 4).Since the La protein binds pre-tRNAs (Rinke and Steitz,
1982), it seemed possible that biogenesis of the mutant To determine why the longest precursor species in
lhp1::LEU2 extracts migrated ahead of the primary tran-tRNASerCGA was defective in lhp1::LEU2 cells. We therefore
examined the synthesis of the wild-type and mutant scripts inwild-type extracts, we subjected these species
toRNA fingerprinting.When the transcriptswere synthe-tRNASerCGA in cells containing LHP1. Total RNA was ex-
tracted from these cells and subjected to Northern anal- sized using [a-32P]rGTP, the T1 RNase fingerprints of the
two species were identical (data not shown). Becauseysis. Because pre-tRNASerCGA contains an intervening se-
quence, we detected precursors by probing the blot T1 RNase fingerprints of RNAs synthesized with
[a-32P]rGTP detect every oligonucleotide except thosewith a 32P-labeled oligonucleotide complementary to the
intron. derived from the 39 terminus, we also compared the
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Figure 1. The Pattern of Precursors to
tRNASerCGA Is Altered in Cells Lacking LHP1
(A) The sequence of S. cerevisiae pre-
tRNASerCGA (Etcheverry et al., 1979; Olson et al.,
1981) is depicted. Positions of the 59 and 39
extensions and the intervening sequence
(IVS) are indicated by lines. The anticodon is
indicated by a bracket. The 59 end of the pre-
tRNA was determined by primer extension of
cellularRNA. The 39 end was determined from
RNA fingerprint analyses of in vitro tran-
scribed species (Figure 2B). The sup61-10
mutation is indicated (arrow).
(B) RNA extracted from wild-type cells (lane
2), lhp1::LEU2 cells (lane 3), and cells con-
taining the sup61-10 mutation (lane 4) was
subjected to Northern analysis using two oli-
gonucleotide probes. One oligonucleotide
was complementary to the intervening se-
quence of pre-tRNASerCGA. The second oligonu-
cleotide was complementary to the spliced
anticodon stem-loop. Because the oligonu-
cleotide that detects spliced tRNA hybridizes
with low efficiency, levels of mature tRNA are
underrepresented relative to pre-tRNAs.
Lane 1, molecular size markers.
(C) An extract prepared from wild-type cells
was subjected to immunoprecipitation with anti-Lhp1p antibodies (Yoo and Wolin, 1994). Total RNA (lane 1) and RNA extracted from the
immunoprecipitate (lane 2) were subjected to Northern analysis. In multiple experiments, 50%±90% of the pre-tRNAs containing 39 extensions
were immunoprecipitated.
fingerprints of RNAs synthesized with [a-32P]UTP. For Thus, the largest precursors to tRNASerCGA in lhp1::LEU2
extracts are shorter at the 39 end than those in wild-both transcripts, the 39 ends were heterogeneous, as
multiple spots corresponding to 39 termini were de- type extracts.
tected (Figure 2B, spots [a]±[f]; Figure 2C, spots [e]±[g]).
The longest transcripts in the wild-type extract con- The Processing Pathway of Pre-tRNASerCGA Is
Altered in Extracts Lacking Lhp1ptained three spots that were absent in the species syn-
thesized in the lhp1::LEU2 extract (Figure 2B, spots [a]± The shorter transcripts that we observed in lhp1::LEU2
cells and extracts could arise in severalways. One possi-[c]). The composition of each spot was determined by
subjecting the oligonucleotides to nearest neighbor bility was that the transcripts were initially full-length,
but were shortened by exonucleases in the absence ofanalysis. This revealed that the major 39 end of the pri-
mary transcript in wild-type extracts is UUUAAUUUOH Lhp1p. Alternatively, the shorter transcripts could be
generated by stalled transcription complexes, as was(Figure 2B, spot [b]), with the ends UUUAAUUUUOH, UU-
UAAUUOH, UUUAAUOH, UUUAAOH, and UUUOH appearing reported in HeLa cell extracts that were immunode-
pleted of the La protein (Gottlieb and Steitz, 1989). Toin lower amounts (Figure 2B,spots [a] and [c]±[f], respec-
tively). In contrast, the largest precursors of tRNASerCGA distinguish between these alternatives, we examined
the transcripts synthesized during very short incuba-detected in the lhp1::LEU2 extracts end in UUUAAUOH,
UUUAAOH, UUUOH, and UUOH (Figure 2C, spots [d]±[g]). tions of the DNA template with the extracts. As shown
Figure 2. Transcripts Synthesized in
lhp1::LEU2 Extracts Are Shorter at the 39 End
(A) Plasmid pAD12sup611 containing the
wild-type tRNASerCGA gene was transcribed in
wild-type (lane 2) or lhp1::LEU2 extracts
(lanes 3±4) in the presence of [a-32P]rGTP. In
lane 4, 18 ng of Lhp1p (an amount equivalent
to that present in the wild-type extract) was
included. The asterisk denotes a product that
appears in the absence of plasmid.
(B and C) RNase T1 fingerprints of the largest
transcripts synthesized in wild-type (B) and
lhp1::LEU2 (C) extracts. RNAs were synthe-
sized in the presence of [a-32P]UTP. Each
spot was subjected to nearest neighbor anal-
ysis. The spots labeled [a]±[g] correspond to
the39 terminal sequences (a) UUUAAUUUUOH,
(b) UUUAAUUUOH, (c) UUUAAUUOH, (d) UUU-
AAUOH, (e) UUUAAOH, (f) UUUOH, and (g) UUOH.
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lhp1::LEU2 extracts were more heterogeneous in length
than those synthesized in wild-type extracts (Figure 3B,
lanes 2 and 10; also see Figure 3A, lanes 9 and 10).
However, the majority of the transcripts in the
lhp1::LEU2 extract comigrated with those made in wild-
type extracts. During continued incubation in the
lhp1::LEU2 extract, the transcripts were shortened by
exonucleases (compare lanes 11±15 with lane 10), while
the majority of transcripts in the wild-type extract re-
mained full-length prior to cleavage of the 59 leader
(lanes 3±6).
The pulse-chase experiment revealed that both the
order and mechanism by which the 59 and 39 extensions
of the pre-tRNASerCGA are removed is altered in lhp1::LEU2
extracts. In wild-type extracts, the 59 leader is removed
first, generating an intermediate containing a mature 59
end and a 39 trailer (Figure 3B, lanes 4±9). The 39 trailer
is subsequently removed, possibly by an endonuclease
(lanes 5±9). In lhp1::LEU2 extracts, the 39 end is initially
trimmed by an exonuclease. Exonuclease digestion
halts near the point at which the 59 and 39 extensions
can base pair (see Figure 1A). Following cleavage of the
59 leader, further exonuclease digestion generates the
mature 39 end. (The ladder of bands in lanes 12 and 13
that migrate above the fully end-matured pre-tRNA may
represent species containingmature 59 ends and incom-
pletely trimmed 39 ends.) The two pathways by which
pre-tRNASerCGA can be processed are diagrammed inFigure
3C. Note that processing by either pathway results in
an intron-containing precursor species containing fully
trimmed 59 and 39 ends. This end-trimmed species un-
dergoes removal of the intervening sequence to produce
mature tRNA.
Figure 3. The Pathway by Which Pre-tRNASerCGA Is Processed Is Al- Lhp1p Is Required for Endonucleolytic
tered in lhp1::LEU2 Extracts Maturation of a tRNAPheGAA Precursor
(A) pAD12sup611 was transcribed in wild-type (lanes 1, 3, 5, 7, and In the model shown in Figure 3C, an endonucleolytic
9) and lhp1::LEU2 extracts (lanes 2, 4, 6, 8, and 10) in the presence cleavage removes the 39 extension from pre-tRNASerCGA in
of [a-32P]rGTP. Aliquots were removed at the times indicated. wild-type extracts. However, because the 39 extension
(B) pAD12sup611 was transcribed in wild-type (lanes 2±9) and
of pre-tRNASerCGA is only eight nucleotides, it was difficultlhp1::LEU2 extracts (lanes 10±17) in the presence of [a-32P]rGTP for
to detect the resulting cleavage product. We therefore3 min. A 100-fold excess of unlabeled rGTP was added, and aliquots
examined the synthesis of a tRNAPheGAA gene that encodeswere removed at the times indicated. Lane 1, molecular size
markers. a precursor with a 39 extension of 31±36 nucleotides
(C) Model for end maturation of pre-tRNASerCGA in wild-type and (Valenzuela et al., 1978).
lhp1::LEU2 extracts. In wild-type extracts, the primary transcript is Transcription reactions using a plasmid (pYPT2) con-
cleaved by RNase P, generating a processing intermediate with a
taining this gene as template are shown in Figure 4. Asmature 59 end and a 39 extension. The 39 end is subsequently re-
the gene terminates with the sequence TTTTATTTTTTTmoved by an endonucleolytic cleavage. In lhp1::LEU2 extracts, exo-
(Valenzuela et al., 1978), termination can occur withinnucleases trim the 39 end of the primary transcript up to the helix
formed by base pairing the 39 and 59 extensions. After cleavage by either of the two runs of Ts, although it should be more
RNase P, further nibbling by exonucleases results in a fully trimmed efficient at sites containing greater than four T residues
39 end. (Geiduschek and Tocchini-Valentini, 1988). As expected,
there are two transcripts containingboth 59 and 39 exten-
sions in wild-type extracts (lane 3). In addition to the
in Figure 3A, the transcripts detected in lhp1::LEU2 ex- processing intermediates described for tRNASerCGA, two
tracts after only 1 min of incubation migrated indistin- bands migrated at the expected size for the 39 endo-
guishably from those synthesized in wild-type extracts nucleolytic cleavage products (lane 3, bands near bot-
(compare lanes 5 and 6). tom of gel). RNA fingerprinting confirmed that these
To determine the fate of these transcripts, we per- bands originated from cleavage of the 39 extensions
formed pulse-chase experiments. After three min of (data not shown). In lhp1::LEU2 extracts, the twoprimary
transcription with [a-32P]rGTP (Figure 3B, lanes 2 and transcripts encoding tRNAPheGAA were shorter and more
10), a 100-fold excess of unlabeled rGTP was added, heterogeneous than those in wild-type extracts (com-
and the reaction continued for an additional 90 min. pare lanes 3 and 6), and the intermediates containing a
mature 59 end and a 39 extension were replaced by aEven at three min, the longest transcripts synthesized in
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these probes, we tentatively assigned each of the de-
tected species. By searching the yeast genome se-
quence, we verified that the observed sizes of the pro-
cessing intermediates were consistent with sizes
predicted from the genomic sequences. Since the vari-
ous genes that encode a single tRNA species can differ
in the lengths and sequences of the 59 and 39 extensions
(as well as in the exact sequences of the introns), many
of the detected pre-tRNAs appear as heterogeneous
bands (e.g., lanes 9±14).
For eight of the remaining nine families of intron-con-
taining tRNAs, alterations in the pattern of precursors
were detected in lhp1::LEU2 cells (Figure 5, asterisks).
Three families, tRNATyrGUA (lanes 5±6), tRNAProUGG (lanes 13±
14), and tRNALeuUAG (lanes 19±20), displayed the same
changes that we had observed for tRNASerCGA (shown in
lanes 3 and 4). Specifically, the longest precursors mi-
grated faster and were more heterogeneous, and the
processing intermediates containing a 39 extensionwere
undetectable. (For tRNAProUGG, the two largest asterisked
species have both been identified as containing 59 and
39 extensions [O'Connor and Peebles, 1991].) Thus, it is
likely that LHP1 is required for endonucleolytic removal
of the 39 trailer sequence for these tRNA families.
For two tRNAs, tRNASerGCU (lanes 1±2) and tRNAPheGAA (lanes
11±12), the processing intermediate containing a mature
59 end and a 39 extension was absent in lhp1::LEU2
Figure 4. Lhp1p Is Required for the 39 Endonucleolytic Cleavage of cells. However, the largest transcripts did not show the
a tRNAPheGAA Precursor shortening associated with exonuclease trimming of the
Either no plasmid (lanes 2 and 5) or plasmid YPT2 (lanes 3, 4, 6, 39 end. Since the purine-rich leader sequences of many
and 7) encoding tRNAPheGAA was incubated with wild-type (lanes 2±4) pre-tRNAs can base pair with the pyrimidine-rich trailer
or lhp1::LEU2 extracts (lanes 5±7) for 10 min in the presence of
sequences (Evans and Engelke, 1990), base pairing may[a-32P]rUTP. In lanes 4 and 7, 18 ng of recombinant Lhp1p was
protect the 39 end from exonucleases prior to RNase Pincluded. Products were resolved on a 5%±15% polyacrylamide
gradient-urea (8.3 M) gel. Lane 1, molecular size markers. The aster- cleavage. Thus, the disappearance of the intermediate
isk denotes a product of transcription in the absence of plasmid. containing a mature 59 end and a 39 extension in
lhp1::LEU2 cells may indicate that these tRNA families
also undergo exonucleolytic trimming of the 39 end insmear of RNAs, consistent with exonucleolytic shorten-
ing of the 39 ends. Strikingly, the endonucleolytic cleav- the absence of Lhp1p.
For the remaining four tRNA families, the changes inage products derived from the 39 end were undetectable
(lane 6). Addition of purified Lhp1p to these extracts the pattern of processing intermediates were difficult to
interpret. For three families, tRNALysUUU (lanes 9±10),restored the cleavage products (lane 7). Although bind-
ing by Lhp1p may stabilize the cleaved trailer, we dem- tRNAIleUAU (lanes 15±16), and tRNATrpCCA (lanes21±22), at least
one band corresponding to a primary transcript wasonstrated that in lhp1::LEU2 extracts, exonucleases trim
the 39 extension while it is still attached to the rest of shortened or absent, but bands corresponding to the
sizes of processing intermediates containing a trimmedthe pre-tRNA (Figure 3B, lanes 10±16; Figure 4, lane 6).
Thus, the most likely explanation for the appearance of 59 end and a 39 extension were present. For tRNALeuCAA,
the pattern of pre-tRNAs was identical in wild-type cellsthe 39 trailer fragment in wild-type extracts is that the
extension is removed by endonucleolytic cleavage. In and lhp1::LEU2 cells (lanes 17±18). Thus, for these
the absence of Lhp1p, the 39 extension is trimmed by tRNAs, we cannot evaluate whether the pathway by
exonucleases. which the 39 ends are matured is altered in the
lhp1::LEU2 strain.
Because pre-tRNAs are far less abundant than matureLhp1p Is Necessary for Normal
Processing of Many tRNAs tRNAs, it is difficult to detect precursors to tRNAs that
lack introns. To determine whether the processing ofBecause tRNASerCGA is the only tRNA in S. cerevisiae that
is encoded by an essential single-copy gene, we could these tRNAs is altered in the absence of Lhp1p, we
examined the transcription and processing of two in-not have identified mutations in other tRNA genes in the
synthetic-lethal screen. To determine if the processing tronless tRNA genes, tRNAGlu3 (Figure 5B) and the SUQ5
gene encoding tRNASerUGA (data not shown), in extracts.of other pre-tRNAs is altered in lhp1::LEU2 cells, we
probed Northern blots with oligonucleotides comple- For both tRNAs, changes in the pattern of processing
intermediates in lhp1::LEU2 extracts were identical tomentary to the intervening sequences of each of the ten
families of intron-containing tRNA genes (Figure 5A). By those observed for tRNASerCGA and tRNAPheGAA (Figure 5B,
compare lanes 2 and 3). Addition of Lhp1p restoredcomparing the lengths of the observed pre-tRNAs with
those identified by O'Connor and Peebles (1991) with the pattern to that of wild-type extracts (lane 4). These
Cell
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Figure 5. The Processing of Many tRNAs Is Altered in lhp1::LEU2 Cells and Extracts
(A) RNAs from wild-type (odd-numbered lanes 1±5 and 9±21) and lhp1::LEU2 cells (even-numbered lanes 2±6 and 10±22) were probed for the
ten families of intron-containing pre-tRNAs. Lanes 7 and 8, molecular size markers. Asterisks denote alterations detected in lhp1::LEU2 cells.
(B) A plasmid containing tRNAGlu3 was transcribed in wild-type (lane 2) or lhp1::LEU2 extracts (lanes 3 and 4) in the presence of [a-32P]rGTP.
In lane 4, 18 ng of Lhp1p was included. Lane 1, molecular size markers.
results, along with the Northern blot analysis, allow us cells (compare lane 6 with lanes 7±12). Second, the
steady-state levels of mature tRNA declined to unde-to conclude that many tRNAs require Lhp1p for endo-
nucleolytic removal of the 39 trailer. tectable levels (compare lane 1 with lanes 2±6). Re-
probing of the blot to detect mature tRNAProUGG demon-
strated that the synthesis of this tRNA was unaffectedProcessing of the Mutant Pre-tRNASerCGA
(Figure 6C, bottom panel). Thus, for the sup61-10 mutantRequires LHP1
tRNA, 39 processing in the absence of Lhp1p does notFor most tRNAs, 39 maturation occurs in the presence
result in the production of mature tRNA.or absence of LHP1. However, when cells carry the
sup61-10 mutant allele encoding tRNASerCGA, LHP1 is re-
quired for viability. To examine the fate of the mutant The sup61-10 Mutation Acts by Destabilizing
RNA StructuretRNA in the absence of Lhp1p, we placed the LHP1
gene under control of the GAL1 promoter. Growth of the The mutation in sup61-10 cells that causes cells to re-
quire LHP1 for processing could function either by de-sup61-10 mutant cells in media containing 2% galactose
and 1% glucose resulted in levels of Lhp1p that were stabilizing RNA structure or by eliminating recognition
of a crucial nucleotide by the processing machinery. Toapproximately equal to that of wild-type cells (Figure
6B). When cells were shifted to medium containing only distinguish between these alternatives, we restored the
base pairing by creating a compensatory mutation onglucose, the GAL1 promoter was fully repressed, and
the levels of Lhp1p declined. Within 12hr after the switch the other side of the anticodon stem (sup61-10,70U;
Figure 7A). When a low copy plasmid containing theto glucose-only medium, Lhp1p was undetectable (Fig-
ure 6B). At approximately thesame time, cellscontaining doubly mutant tRNA was introduced into sup61-10 cells
carrying LHP1 on a URA3/LYS2±containing plasmid, thethe sup61-10 mutation exhibited a severe slowdown in
growth (Figure 6A). cells were no longer temperature-sensitive for growth
(Figures 7B and 7C, compare sectors 2 and 5). Introduc-To determine if Lhp1p depletion affected the biogene-
sis of the mutant tRNASerCGA, RNA was extracted at intervals tion of the sup61-10,70U plasmid also eliminated the
requirement for LHP1, as these cells could lose theand subjected to Northern analysis (Figure 6C). At 0 hr
after the switch to glucose-only medium, we detected LHP1/URA3/LYS2 plasmid and survive on 5-FOA-con-
taining media (Figure 7D, sector 2). The extent of growththe same three intron-containing precursors that were
observed in wild-type cells (lane 1). However, the relative on 5-FOA was comparable to that seen when a wild-
type sup611 gene was introduced into the sup61-10amounts of the mutant tRNA precursors were higher
than in wild-type cells, suggesting that splicing and/or strain (sector 4) and also to that of the strain used in
the synthetic-lethal screen (sector 1). Thus, we concludeend maturation of the mutant pre-tRNASerCGA is inefficient
compared to the wild-type tRNA (compare lanes 1 and that the mutation in sup61-10 cells exerts its effect by
perturbing RNA structure.7; also see Figure 1B). Depletion of Lhp1p resulted in
the same changes in the pattern of processing interme-
Discussiondiates that we demonstrated were due to trimming of
the 39 end by exonucleases. Specifically, the longest
precursors became shorter and the intermediate con- We have identified a mutation in the anticodon stem of
an essential tRNASer that causes yeast cells to requiretaining a mature 59 end and a 39 extension became
undetectable (lanes 2±6). However, for the mutant the La protein homolog Lhp1p. By studying the biosyn-
thesis of the wild-type and mutant tRNA, we have deter-pre-tRNASerCGA, there were two additional changes in tRNA
processing. First, levels of the fully trimmed but un- mined that one role of this highly conserved protein
is to facilitate tRNA maturation. In wild-type cells andspliced precursor decreased to below that of wild-type
La Functions in Pre-tRNA 39 Processing
399
trailer, an endonucleolytic cleavage contributes to the
generation of the mature 39 end (Li and Deutscher, 1996).
In contrast, most studies in eukaryotes have con-
cluded that the mature 39 end of tRNAs is generated by
an endonucleolytic cleavage (reviewed by Deutscher,
1990). Since one difference between eukaryotic and pro-
karyotic pre-tRNAs will be the presence of La protein
bound to the 39 end, it is likely that one role of La is to
ensure that the primary pathway for 39 processing in
eukaryotes is endonucleolytic. However, in the absence
of Lhp1p, processing by exonucleases results in the
production of mature tRNA. Thus, inyeast, as in prokary-
otes, there is redundancy in the enzymes that are capa-
ble of processing tRNA 39 ends.
How might Lhp1p function in facilitating the 39 endo-
nucleolytic cleavage of pre-tRNAs? We can envision
several possibilities that are not mutually exclusive. One
possibility is that the presence of Lhp1p bound to the 39
end is sufficient to protect the trailer from exonucleases,
thus ensuring that the cleavage will be endonucleolytic.
A second possibility is that Lhp1p is actually the endonu-
clease that removes the trailer. Thus far, we have been
unable to demonstrate such a cleavage activity associ-
ated with our purified protein (C. J. Y. and S. L. W.,
unpublished data). A third possibility is that binding by
Lhp1p recruits the endonuclease to the pre-tRNA. Since
no consensus sequence has been described in tRNA 39
trailers, binding by Lhp1p could direct the site of cleavage.
A final possibility, which we favor, is that Lhp1p acts
as an RNA chaperone to stabilize pre-tRNAs in confor-
mations that allow the endonucleolytic cleavage to oc-
cur. This role is supported by the finding that a mutation
that perturbs the structure of tRNASerCGA causes cells toFigure 6. Depletion of Lhp1p from Cells Carrying the sup61-10 Mu-
require Lhp1p for processing of this tRNA. Since a sec-tation
ond mutation that restores base pairing eliminates the
(A) Growth curves of wild-type cells (LHP1 sup611) compared to
requirement, binding by Lhp1p may favor the formationlhp1::LEU2 cells containing the sup61-10 mutation. The lhp1::LEU2
of the correctly folded structure rather than an alterna-sup61-10 cells contain LHP1 under control of the GAL1 promoter.
tive conformation. In this scenario, the mutation thatAt time 0, both strains were switched to medium containing glucose.
(B) Aliquots of lhp1::LEU2 sup61-10 cells were removed at the times disrupts base pairing in the anticodon stem of
indicated and subjected to Western blot analysis with anti-Lhp1p tRNASerCGA causes the pre-tRNA to misfold in the absence
antisera. Levels of Lhp1p present in wild-type cells (LHP1) and of bound Lhp1p. Small changes in RNA conformation
lhp1::LEU2 cells are also shown.
could result in either inaccurate trimming of the 39 end(C) At intervals after the shift to glucose, RNA was extracted from
by exonucleases or a failure of the end-trimmed pre-lhp1::LEU2 sup61-10 cells (lanes 1±6) and wild-type cells (lanes
tRNA to be recognized by the splicing machinery. We7±12) and subjected to Northern analysis. The blot was probed as
do not yet know whether end-trimming or splicing is thein Figure 1B to detect precursor and mature forms of tRNASerCGA. As
a control, the membrane was reprobed for mature tRNAProUGG (bottom primary defect in the maturation of the mutant pre-tRNA.
panel). Because splicing of the mutant pre-tRNASerCGA is nearly
undetectable in our wild-type extracts, we are unable
to use these extracts to resolve this question. Similar
extracts, the 39 maturation of many pre-tRNAs is accom- differences between the splicing of certain mutant pre-
plished by an endonucleolytic cleavage. In the absence tRNAs in vivoand in vitro have been reported (Pearson et
of Lhp1p, the 39 ends of these tRNAs are trimmed by al., 1985). Whatever the defect, the result that a second
exonuclease(s). As the mutation that causes cells to mutation that restores base pairing in the anticodon
require Lhp1p exerts its effect by disrupting RNA struc- stem of pre-tRNASerCGA fully rescues the requirement for
ture, our results suggest that binding by Lhp1p stabilizes LHP1 strongly implies that binding by Lhp1p stabilizes
pre-tRNAs in conformations that facilitate endonucleo- pre-tRNA structure.
lytic cleavage. Many, perhaps most, tRNAs require Lhp1p for the
endonucleolytic removal of the 39 trailer sequence.
Role of Lhp1p in tRNA 39 End Maturation Our Northern analyses revealed that 6 of the 10 fami-
In prokaryotes, removal of the 39 trailer sequence from lies of intron-containing tRNAs showed alterations in
pre-tRNAs is accomplished largely by exonucleases. In lhp1::LEU2 cells that were consistent with exonucleo-
E. coli, at least five exonucleases are capable of remov- lytic removal of the 39 trailer sequences. For three other
ing the 39 extension, and most pre-tRNAs can be sub- families, we do not know if the detected changes result
strates for any of the exonucleases (Li and Deutscher, from a switch from an endonucleolytic maturation path-
way to an exonucleolytic one. Lastly, for tRNALeuCAA, no1996). However, for at least one tRNA with a very long
Cell
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Figure 7. Restoration of Base Pairing in the
Anticodon Stem of tRNASerCGA Allows Growth of
sup61-10 Cells in the Absence of LHP1
(A) The relevant portion of the anticodon stem
encoded by the wild-type sup611gene, the
sup61-10 mutant allele, and the double mu-
tant sup61-10,70U is shown. Numbering is as
in Figure 1A. Arrows indicate changes from
the sup611 sequence.
(B±D) The sup61-10,70U (sector 2), sup61-10
(sector 3), and sup611 (sector 4) alleles were
cloned into the ADE2/TRP1/CEN plasmid
pAD12 and introduced into the lhp1::LEU2
sup61-10 strain carryingpSLL28 (a YEp24 de-
rivative containing theLHP1, URA3, andLYS2
genes). Strains were streaked to single colo-
nies on YPD medium and grown at 24.58C (B)
and 378C (C). Strains were also streaked on
5-FOA-containing medium and grown at
24.58C (D). For comparison, the growth of the
lhp1::LEU2 sup611 strain carrying pSLL28
(sector 1) and the lhp1::LEU2 sup61-10 strain
carrying pSLL28 (sector 5) are shown. The
relevant genotype of each strain is indicated.
changes were detected in the pattern of precursors in require La protein binding. Alternatively, La proteins may
function in additional aspects of the biogenesis of poly-lhp1::LEU2 cells. It is possible that for these tRNAs,
endonucleolytic cleavage proceeds in the absence of merase III RNAs (see below). Although these functions
are dispensable in S. cerevisiae, they may be importantLhp1p. Alternatively, the primary pathway for 39 end
maturation of some tRNAs may be exonucleolytic. A in other species.
Another explanation for the dispensability of LHP1 isfinal possibility is that the mechanism of processing of
these tRNAs changes in lhp1::LEU2 cells, but the switch that S. cerevisiae contains a second La protein (Yoo
and Wolin, 1994; Lin-Marq and Clarkson, 1995). Nowto the exonucleolytic pathway does not result in detect-
able alterations in Northern analyses. that the S. cerevisiae genome sequence is complete, it
is clear that Lhp1p is the only protein that is homologousWhile most studies have concluded that an endo-
nucleolytic cleavage generates the 39 end of tRNAs in to vertebrate La proteins throughout its length. Interest-
ingly, there are two loci that encode proteins that sharehigher eukaryotes, bothendonucleolytic and exonucleo-
lytic processing have been reported in S. cerevisiae (Ev- a conserved domain with all La proteins. One of these
proteins is encoded by YCL037c, a potential gene onans and Engelke, 1990; Furter et al., 1992). Interestingly,
those workers who reported exonucleolytic cleavage of chromosomeIII (Yoo and Wolin, 1994). The secondgene,
SLF1, was identified as a multicopy suppressor of athe trailer studied tRNA processing in nuclear extracts,
rather than the whole cell extracts used here (Evans and mutation in copper metabolism (Yu et al., 1996). Gene
disruption experiments have revealed that neither geneEngelke, 1990). Since the mammalian La protein leaks
out of the nucleus upon cell fractionation (Stefano, is essential, although cells lacking YCL037c grow more
slowly than wild-type cells (Yu et al., 1996; S. Sobel,1984), it is possible that the yeast nuclear extracts were
likewise depleted of Lhp1p. Our data confirm that while C. J. Y., and S. L. W., unpublished data). Furthermore,
cells containing null alleles of all three genes (YCL037c,yeast cells contain exonucleases capable of trimming
the 39 ends of pre-tRNAs, removal of the 39 trailer in SLF1, and LHP1) grew indistinguishably from cells lack-
ing only YCL037c, indicating that these genes are notwild-type cells and extracts is largely accomplished by
endonuclease(s). functionally redundant with LHP1 (S. Sobel, C. J. Y., and
S. L.W., unpublished data). Thus, all evidence indicates
that Lhp1p is the only bona fide La protein in S. cere-Dispensability of the Yeast La Protein
Since homologs of the La protein have been described visiae.
in a wide range of eukaryotes, this protein may be a
component of all eukaryotic nuclei. This conservation Other Functions of La Proteins
Although the mammalian La protein has been proposedis difficult to reconcile with the fact that LHP1 is dispens-
able in S. cerevisiae. One explanation is that, in other to function in polymerase III transcription (Gottlieb and
Steitz, 1989; Maraia, 1996), we have been unable tospecies, certain essential tRNAs may require the La pro-
tein for processing to mature tRNAs. As has been noted demonstrate a similar role for the yeast protein. Our
genetically depleted lhp1::LEU2 extracts are compara-by Furter et al. (1992), 39 trailer sequences in S. cerevis-
iae tend to be shorter than those of higher eukaryotes. ble to wild-type extracts in their ability to transcribe
tRNA genes, and addition of Lhp1p does not stimulateFor certain tRNAs with long trailers, folding into the
proper conformation for accurate 39 processing may transcription (Figure 2A). The fact that yeast cells lacking
La Functions in Pre-tRNA 39 Processing
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blunt-ended 4.8 kb EcoRI±HindIII fragment containing LYS2. Plas-Lhp1p are viable further indicates that no essential class
mid YPT2 containing tRNAPheGAA (Valenzuela et al, 1978) was a gift ofIII gene requires LHP1 for transcription. One explanation
A. Venegas (Pontificia Universidad Catolica de Chile). Plasmids con-for the discrepancies between our results and the mam-
taining tRNAGlu3 and tRNASerUGA were gifts of I. Willis (Albert Einsteinmalian data is that yeast cells contain a second protein, College of Medicine). Plasmid pAD12sup611 was constructed by
unrelated to La proteins, that is able to substitute for cloning a 455 bp BglII/PstI fragment containing sup611 into these
sites in pAD12 (a pRS314 derivative containing the ADE2 gene [pro-LHP1 in transcription. Alternatively, themammalian tran-
vided by R. Padmanabha and M. Snyder, Yale University]). To createscriptional apparatus may have evolved to require the
the sup61-10,70U double mutation, the sup61-10 DNA was usedLa protein for efficient transcription. Lastly, it is possible
as template for PCR mutagenesis. The mutation was verified bythat La proteins do not function in transcription in vivo.
sequencing.
At present, we cannot distinguish between these possi-
bilities. Purification of Recombinant Lhp1p
Although we have not identified a role for Lhp1p in After introduction of an NcoI site at the start codon of LHP1, the
DNA was cloned into the NcoI/BamHI sites of pTrcHisA (Invitrogen).transcription, it is likely that the protein plays additional
Induced bacterial lysates were sedimented at 100,000 3 g for 30roles in the biogenesis of polymerase III±transcribed
min. The supernatant was applied to a 5 ml Heparin Hitrap columnRNAs. Lhp1p binds many RNAs in addition to pre-
(Pharmacia) and eluted with a gradient from 0.1 to 1.0 M NaCl in
tRNAs, and most of these RNAs do not undergo signifi- Buffer A (25 mM Tris HCl [pH 8.0], 0.1 mM EDTA, 0.5 mM DTT, 3
cant processing at their 39 ends. If one role of Lhp1p is mM MgCl2). Lhp1p eluted at 0.7 M NaCl, was diluted in Buffer A to
to stabilize pre-tRNA structure, binding of this protein 0.22 M NaCl, and was applied to a 3.5 ml poly(U)±Sepharose column.
Lhp1p eluted at 0.5 M NaCl using a gradient from 0.1 to 1.0 M NaCl.to other RNAs may similarly facilitate folding or assem-
Following gel filtration on Sephacryl 200, the protein was dialyzedbly into RNPs. Thus, Lhp1p and other La proteins may
against Buffer C (20 mM HEPES-KOH [pH 7.9], 20% glycerol, 0.2function as chaperones for polymerase III transcripts.
mM EDTA, 2 mM DTT, 0.1 mM PMSF).
Binding by Lhp1p may also interface with other aspects
of RNA biogenesis, such as nuclear import or retention Depletion of Lhp1p
of polymerase III transcripts. Characterization of addi- To place LHP1behind the GAL1 promoter, a BamHI site was created
60 nt upstream of the open reading frame. The BamHI/ClaI fragmenttional mutations that are synthetically lethal with LHP1 is
containing LHP1 was inserted into the BamHI/SalI sites of pCGS109likely to reveal other roles of these ubiquitous eukaryotic
(Goff et al., 1984). This plasmid, pLHP1GAL, was transformed intoproteins.
CY9. Transformants were grown in SC-uracil supplemented with
2% galactose and 1% glucose. To deplete Lhp1p, cultures were
Experimental Procedures grown in SC-uracil and 2% galactose and 1% glucose at 24.58C to
OD600 5 0.3. Cells were sedimented at 1500 3 g for 5 min, washed
Yeast Media, Strains, and Synthetic Lethal Screen with water, and resuspended in SC-uracil and 2% glucose. Cultures
Yeast media were prepared according to Sherman (1991). Our wild- were kept in log phase by dilution in SC-uracil and 2% glucose.
type strain was CY1 (MATa, ura3, lys2, ade2, trp1, his3, leu2, LHP1). At intervals after switching to glucose-only medium, aliquots were
The lhp1::LEU2 strains were CY2 (MATa, ura3, lys2, ade2, trp1, his3, collected and RNA extracted (O'Connor and Peebles, 1991). Ex-
leu2, lhp1::LEU2) and CY4 (MATa, ura3, lys2, ade2, trp1, his3, leu2, tracts for Western blotting were prepared as described (Yoo and
lhp1::LEU2). CY1, CY2, and CY4 were derived from disruption of Wolin, 1994).
LHP1 in strain YPH501, as described (Yoo and Wolin, 1994). Al-
though CY4 is the lhp1::LEU2 strain in the experiments shown, we Northern Blots
have obtained identical results using CY2. To identify the sup61-10 For Northern analysis, total RNA was extracted (O'Connor and Pee-
mutation, a synthetic-lethal screen was performed as described bles, 1991), fractionated in 8% polyacrylamide-8.3 M urea gels, and
(Holtzman et al., 1993). Strains CY2 and CY4 were transformed with transferred to Zetaprobe GT nylon membranes (Biorad) in 0.5 3 TBE
pSLL28, a YEp24 derivative carrying the LHP1, URA3, and LYS2 at 150 mA for 16 hr. Oligonucleotides used to detect precursor and
genes (see below), and exposed to ethylmethane sulfonate until mature tRNASerCGA were 59-AGCCGAACTTTTTATTCCATTCG-39 and
25% of the cells were viable. After selections on media containing 59-AGCCCAAGAGATTTCGAGTCTCTCG-39, respectively. To detect
a-aminoadipate and media containing 5-FOA, two mutant strains other intron-containing pre-tRNAs, oligonucleotides complemen-
were identified. One mutant, CY9 (MATa, ura3, lys2, ade2, trp1, tary to the introns (O'Connor and Peebles, 1991) were synthesized.
his3, leu2, lhp1::LEU2, sup61-10 carrying pSLL28), was temperature To detect tRNAProUGG, the oligonucleotide 59-ACCCAGGGCCTCTC-39
sensitive for growth at 378C. Analysis of segregants from a cross was used. Oligonucleotides were radiolabeled with [g-32P]ATP (6000
between CY9 and CY1 revealed that the combination of lhp1::LEU2 Ci/mmol, NEN) and hybridized as described by Tarn et al. (1995).
and sup61-10 was lethal. A single copy of LHP1 suppressed the
lethality. Crossing of CY9 to CY1 resulted in strain CY10 (MATa, In Vitro Transcriptions
ura3, lys2, ade2, trp1, his3, leu2, LHP1, sup61-10). Whole cell extracts (Nichols et al., 1990) were prepared from CY1
and CY4 cells. Transcription was carried out as described, except
Cloning of the sup611 Gene that each 50 ml reaction contained 100 ng of plasmid, 75 mg of
A genomic library in YCp50 (Rose et al., 1987) was introduced into protein extract, and 10 mCi (7.8 Ci/mmol) of either [a-32P]rGTP or
CY10. Transformants were replica-plated and incubated at 378C. [a-32P]UTP (Amersham). After incubation at 27.58C, reactions were
Eighteen transformants grew at 378C; all contained plasmid inserts placed on ice and deproteinized at 508C for 1 hr in 10 mM Tris
with overlapping fragments from Chromosome III. Fragments corre- [pH 7.5], 10 mM EDTA, 0.25% SDS, and 0.5 mg/ml proteinase K.
sponding to each gene present were subcloned into pAD12 (see Following digestion, RNA was extracted and the products fraction-
below). A 455 bp BglII±PstI fragment containing the sup611 gene ated in 8% polyacrylamide-8.3 M urea gels.
restored growth at 378C. To identify the mutation, genomic DNA
from the sup61-10 strain was amplified. To detect errors introduced RNA Fingerprinting Analyses
during amplification, products from three reactions were sequenced. Transcription reactions contained 100 mCi (67 Ci/mmol) of
[a-32P]UTP. Products were analyzed by RNA fingerprinting (Branch
et al., 1989) using fractionation on 10% polyacrylamide-urea (6 M)Construction of Plasmids
pSLL28 was constructed by cloning the PflMI/ClaI fragment con- gels for the first dimension. For nearest neighbor analyses, radioac-
tive spots were eluted in 2 M triethylamine-carbonate, digested withtaining LHP1 (Yoo and Wolin, 1994) into the PflMI/PvuII site of YEp24.
The construct was digested with PflMI, filled in, and ligated to a RNase T2, and fractionated on TLC plates as described (Barrell,
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1971). By repeating the analyses using transcripts synthesized with membrane cytoskeleton assembly in Saccharomyces cerevisiae. J.
Cell Biol. 122, 635±644.either [a-32P]rATP, rCTP, or rGTP, all oligonucleotides were iden-
tified. Li, Z., and Deutscher, M.P. (1996). Maturation pathways for E. coli
tRNA precursors: a random multienzyme pathway in vivo. Cell 86,
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